ABSTRACT Various motionally averaged 31 P-1H, '3C-1H, 'H-1H, and 31P-13C dipolar couplings were measured for naturalabundance and unoriented phosphocholine in the La phase. The couplings were obtained and assigned by a variety of advanced and partly novel two-dimensional solid-state NMR experiments. Whereas 31P-1H and 31P_13C dipolar couplings provide long-range structural constraints, geminal H H H couplings and the signs of 13C-_ H couplings are important new elements in a segmental order-tensor analysis of the lipid headgroup and glycerol backbone. The implications of these measured dipolar couplings for the conformational exchange of the lipid headgroup and the bending of the headgroup from the glycerol backbone are discussed. These dipolar couplings are also analyzed semiquantitatively in terms of the segmental order tensor.
INTRODUCTION
The molecular conformation and dynamics of phospholipids have important implications for the detailed understanding of membrane function, fluidity, composition, and proteinlipid interactions. For two decades, phospholipids have been persistently investigated by 2H NMR (Seelig et al., 1987; Blume et al., 1982; Skarjune and Oldfield, 1979; Seelig and Seelig, 1975) , 31P NMR (Smith and Ekiel, 1984; Kohler and Klein, 1976) , 13C NMR (Sanders, 1993; Husted et al., 1993; Wittebort et al., 1982) , various scattering techniques (Pascher et al., 1987; Pearson and Pascher, 1979) , and molecular dynamics simulations (Stouch, 1993; Pastor et al., 1991) . Early neutron scattering data indicated, for example, that the headgroups of phospholipids orient roughly perpendicular to the bilayer normal (Seelig et al., 1977) , whereas 2H NMR showed that the acyl chain segments experience an increasing motional freedom toward the methyl terminus. Although NMR could in principle provide much more detailed information on the segmental orientation and dynamics of the lipid in the La phase, the NMR data available so far do not permit rigorous quantification. A distinct disadvantage of the otherwise succssful 2H NMR approach is that only absolute values of the averaged quadrupolar couplings are obtained (Seelig and Seelig, 1980) . The information on the segmental orientation is thus not distinguished from effects of motional amplitude. This is in contrast to the determination of dipolar couplings, where addidtional sign information can be obtained to deduce orientational information.
In this paper, we report the concerted application of partly novel two-dimensional (2D) NMR methods to provide additional data on the headgroup and the glycerol backbone structure of phosphatidylcholine (PC, or lecithin) in the La phase. Our strategy, which does not require isotopic enrichment of the samples, mainly focuses on the measurement of the magnitude and sign of dipolar couplings and the determination of segmental order parameters in unoriented lip- ids. We completed our previous measurement of 13C-1H dipolar couplings so that the order parameters of most 13C-1H bonds are now determined with their signs. We obtained geminal 1H-1H dipolar couplings, which yield valuable 'H-1H order parameters. Furthermore, we investigated long-range couplings, namely, 31P-1H and 13C-31P dipolar couplings, which have not been measured in pure phosphocholine before. These data will contribute to a more complete understanding of the segmental order of phospholipids. To provide the necessary NMR background, we summarize some basic NMR properties of lipid bilayers and introduce the 2D NMR pulse sequences used to obtain coupling information. The results will then be presented and discussed in terms of the structural parameters of lecithin. dipolar anisotropy ad (if the scalar coupling is disregarded). The spectral narrowing relative to the full splitting ad of the corresponding rigid segment contains information about molecular conformation and dynamics. This information is summarized most elegantly in terms of the segmental order tensor S, a second-rank tensor defined by 1 =i 2 (3 cos aicos aj -Sj
MATERIALS AND METHODS Materials
Most experiments were conducted on egg yolk lecithin, i.e., phosphatidylcholine with 16:0 (34%), 18:1 (31%), and 18:2 (18%) acyl chains. The 31P-lH/3WP chemical shift correlation experiment was also applied to 16: 0-18:1 phosphatidylethanolamine (PE) and sphingomyelin (SPM) to compare with PC. The samples were purchased as powders from Avanti Polar Lipids (Alabaster, AL). The powders were hydrated with D20 (w/w ratio of -70:30) and then freeze-thawed with liquid nitrogen to form a uniform aqueous dispersion. Dimyristoylphosphocholine (DMPC) from Sigma (St. Louis, MO), hydrated at 50:50 (w/w), was used in the '3C WISE and the 13C-1H PDLF experiments.
Experimental
The experiments with sample spinnning were carried out on a home-built 7.07 Tesla spectrometer with a Tecmag pulse programmer and data acquisition system. The sample was spun on a Doty Scientific 7-mm spinner in a home-built switching-angle spinning probehead (Eastman et al., 1992) pulse lengths of 13 ± 2 ,us and short window periods of 3 p,s. The MREV-8 scaling factor for these static correlation experiments was experimentally determined to be 0.47 ± 0.04. A Hartman-Hahn match was achieved at field strengths B1 of about (2ir * 17 kHz)/,y. For the samples measured at 9.4 Tesla, the bilayer directors were found to be oriented preferentially perpendicular to the NMR tube and the field axis, possibly a result of sample rolling before insertion into the 5-mm tube.
Theory
Under biological conditions, lipid molecules in a bilayer exist in the liquid crystalline La phase, undergoing fast uniaxial motions around the director, which is the normal of the bilayer. Unless a sample is prepared with special precautions it will exhibit an isotropic distribution of bilayer orientations, which results in inhomogeneously broadened powder spectra. The restricted anisotropic motion of the lipid molecules gives rise to partially averaged interaction tensors that are axially symmetric around the director. Therefore, all averaged NMR interactions have the same orientation dependence with respect to the external field, i.e., they are scaled by a factor 1/2(3 cos2 0 -1), where 0 is the angle between the director and the Bo field.
One consequence of this parallelism of the NMR interactions is the "magic-angle hole" in the cross-polarization (CP) (Pines et al., 1973) 31p spectrum. The vanishing intensity at the isotropic chemical shift frequency of the powder spectrum reflects vanishing 31P-1H dipolar couplings in domains where the bilayer director subtends the magic angle with respect to the external magnetic field. Because of the isotropic distribution of the bilayer orientation, the powder spectrum of a line split by dipolar coupling with a spin of ½/2 displays two maxima whose separation is the averaged (1) where a1 are the angles between the director and the axes of the segmentfixed frame in which the matrix representation of the order tensor is given (Saupe, 1966) . The segmental order tensor relates to the measurable averaged NMR anisotropy parameter S according to (2) where 0, 4 specify the polar coordinates of the internuclear vector in the principal-axis system (PAS) of the order tensor.
According to Eq. 1, the order tensor S is traceless (Sll + S22 + S33 = 0) and symmetric (Sij = Sjr), and therefore contains five independent elements. By measuring at least five averaged anisotropies of segmentfixed NMR interactions for each segment, a system of linear equations can be established that allows a complete characterization of the S tensor. Once this tensor is known, the averaged anisotropy of any segment-fixed interaction can be predicted according to Eq. 2.
The number of unknowns can be reduced by considering the symmetry of the molecule or by assuming the presence of specific molecular motions. For instance, in most early studies it was assumed that the lipid molecules are rigid and rotate about a molecular axis. This leads to S22 -S = 0 and the same S33 for all segments. With an assumed value of S33, ad provides the orientation of the internuclear vector relative to the molecular rotation axis. The validity of these assumptions, however, has not been proved, and it has been shown that even with such simplifying assumptions the headgroup structure cannot be determined uniquely from the 2H and 31P NMR data (Skarjune and Oldfield, 1979) .
In several previous studies of phospholipids, the two 2H quadrupolar couplings of each methylene group have been found to be nearly degenerate, even when their magnitudes were drastically varied, for instance by incorporating electric charges into the lipid bilayers (Scherer and Seelig, 1989) . The model that has been proposed to explain this degeneracy is based on a fast conformational exchange between one or several pairs of mirror-symmetric headgroup structures such that the geminal protons effectively interchange (Seelig et al., 1977; Gally et al., 1975) . By this exchange, the order tensor of these segments acquires a symmetry plane perpendicular to the H-H vector, which is thus parallel to one principal axis of S. The number of unknowns in the order tensor is now reduced to three. Two of these are principal values and one is an angle that orients the principal axis in the symmetry plane.
NMR techniques
In this section, we describe the 2D NMR techniques developed to obtain new segmental and long-range structural constraints, with our focus on the headgroup and glycerol backbone regions of phosphocholine.
Proton-detected local-field NMR Most of the 2D techniques in this paper employ proton-detected local-field (PDLF) spectroscopy to indirectly detect heteronuclear dipolar couplings (Nakai and Terao, 1992) and liquid crystals (Schmidt-Rohr et al., 1994 Fig. 1 b. In the PDLF evolution period, the 'H magnetization evolves under the 31P-'H dipolar interaction, as both the 'H-'H coupling and the chemical shift interactions are removed. The 'H magnetization is then directly detected in t2 without any spin manipulation. Since the 'H-'H coupling is by far the strongest interaction experienced by the proton spins, the C2 dimension is dominated by the homonuclear couplings. Normally, broad proton lines would have to be expected in co2 due to the multiple-spin interactions and the isotropic distribution of bilayer orientations. However, the orientational broadening was avoided by spectral selection of a narrow range of bilayer orientations. This was achieved by cross-polarizing the protons from the 31p spin before the evolution period, with a 31p spin-lock field weaker than the 31p CSA. Because the 31p frequency was set at the maximum of the 31p powder spectrum, mainly bilayers with directors perpendicular to the external field were detected. The selectivity is additionally improved by the "magicangle hole" at the 31p isotropic chemical shift position in the CP spectrum.
The 2D spectra obtained with this technique were found to display little orientational broadening in the homonuclear coupling patterns along the W2 dimension.
The 3P-'H/'H-'H correlation spectrum did not provide a definite assignment of the 1H-'H couplings to the corresponding segments. This information could be obtained in part by correlating the 1H-'H couplings with the 'H chemical shift in a modification of the experiment just discussed. Upon removal of the 'H 1800 pulse in the evolution period ( Fig.  1 c) Significantly better chemical shift separation is achieved with sample rotation. The 'H-'H dipolar couplings, scaled by off-magic-angle spinning (OMAS), are correlated with the 'H isotropic chemical shift spectrum under magic-angle spinning (MAS) (Fig. 2 a) . The 'H lines under MAS are broken into a narrow centerband and spinning sidebands due to the uniaxial motional averaging of the lipid molecules (Forbes et al., 1988; Maricq and Waugh, 1979) . Thus, the centerband region exhibits relatively well-resolved isotropic peaks. Proton single-pulse excitation was chosen because the selection of a specific bilayer orientation by selective cross-polarization from 31p is not possible under sample spinning. As a result, the homonuclear coupling patterns are inhomogeneously broadened. Nonetheless, semiquantitative information on the dipolar couplings of various segments could be obtained from the width of these lines. from a pair of 2D PDLF SAS spectra acquired at two different spinning angles. In a previous study, the small C-H couplings of 1B and y sites were difficult to measure with high precision due to the inefficient cross-polarization . Here we extend the CP contact time from the previous 0.5 ms to 2 ms in order to polarize the weakly coupled sites more efficiently. The pulse sequence, with PDLF evolution under "3C-'H dipolar couplings and 13C detection, is shown in Fig. 2 at the maximum of the 31p powder pattern. This dipolar spectrum, which results from those bilayers with directors normal to the external magnetic field, exhibits a doublet with a splitting of -280 Hz (Fig. 3 b) for lecithin. The experiment was also applied to PE at 305 K and SPM at 320 K. Their 31P-1H couplings are compared with those of lecithin in Fig. 3, b- The 31P-'H couplings are long-range interactions that are affected by internuclear distances, orientations of the internuclear vectors with respect to the director, and internal molecular motions. In particular, all protons are at least three bonds away from the 31P nucleus, so that the 31P-1H distances depend on one or more torsional angles. Thus, the 31P-1H couplings provide long-range constraints on structural models of the headgroup and the glycerol backbone, but cannot be used for characterizing the order tensor of a specific segment.
Individual 31P-1H doublets superposed in the cross sections of Fig. 3 b can be experimentally separated by additional NMR interactions, namely 1H-1H couplings and 1H chemical shifts. To avoid a 3D experiment, one can remove the 31p chemical shift dimension by applying a spectroscopic selection of the 900 orientation of the bilayers. Such a selection was obtained by positioning the 31P rf frequency at the maximum of the 31p powder spectrum, as discussed before.
When the 31P-1H interaction is correlated with the 1H-1H interaction, two major 31P-1H doublets are resolved, with the bigger splitting correlating with the larger 1H-1H coupling in the other dimension (Fig. 4 a) . The magnitudes of the 31P-1H couplings are found to be 300 ± 30 Hz and 210 ± 20 Hz, as shown in two cross sections along the 31P-1H dimension (Fig. 4 b) . Tentatively, these couplings can be assigned to the glycerol C3 and the headgroup C, protons, because they are closest to the phosphate unit. This assignment will be corroborated below.
1H-'H homonuclear dipolar couplings
In the 31P-1H/1H-1H correlation spectrum, two 1H-'H doublets with splittings of 6.8 ± 0.4 kHz and 1.9 ± 0.4 kHz are observed, as shown in Fig. 4 c. To assign these two couplings, the 'H-'H dipolar couplings were correlated with the 'H chemical shift by using the pulse sequence of Fig. 1 c. Because the experiment was conducted without sample rotation, the 'H chemical shift of the different molecular sites exhibit anisotropy broadening and thus make the separation of the 'H-'H coupling patterns incomplete. However, the 'H chemical shifts of interest overlap only partially. This can be inferred from the values of the isotropic and anisotropic components of the 'H chemical shifts. The 'H isotropic shifts of lecithin are precisely known from a '3C-'H MAS heteronuclear correlation spectrum (Fig. 5) . The H2 resonance at 5.3 ppm and the H. resonance near 3.8 ppm are well separated from the H3 and Ha signals near 4.2 ppm. The 'H chemical shift anisotropies are expected to be narrowed by the lipid motion from their full width of 6 ppm to -1.5 ppm (glycerol protons) or less (-0.4 ppm for headgroup protons). Thus in the 2D shiftcoupling correlation spectrum (not shown), the chemical shift-resolved 'H-'H couplings at 4.2 ppm (Fig. 6 a) must represent the H3 and Ha signals. The two splittings were found to be 6.2 ± 0.7 kHz and 1.8 + 0.4 kHz, consistent with those of Fig. 4 . This confirms our previous assignment of the two splittings in the 3'P-'H/'H-'H spectrum to the protons of the C3 and Ca sites. A reliable discrimination between H3 and Ha is not possible here because of the presence of chemical shift anisotropies, but can be achieved by other experiments. Fig. 6 The shape of 'H dipolar powder spectra of molecules undergoing uniaxial motions has been simulated by Bloom et al. (1977) only the relative widths of the lines must be considered, because we only need a qualitative assignment of the resolved geminal 'H-1H splittings in the WISE spectra. From   Fig. 4 , the coupling strength of H3 can certainly be identified as larger than the H,,a and H,, couplings, and the H, coupling is slightly smaller than that of Ha,.
13C_31P dipolar couplings
Similar to the 31P-'H couplings, the 13C-31P dipolar couplings provide another type of long-range structural constraints for the conformation of the headgroup and backbone of lecithin. These couplings were reported previously (Sanders, 1993; Sanders and Schwonek, 1992) for DMPC oriented in detergent matrices, in which case extrapolation was necessary to obtain 13C-31P couplings for the pure DMPC. In the present study, we obtained the '3C-31P couplings in pure and unoriented lecithin by a simple offmagic-angle spinning experiment. It gives rise to a 13C spectrum (Fig. 9 a) in which the scaled chemical shift powder patterns of Ca and C2 are split by their dipolar interactions with the 31p spin. The size of the splitting corresponds to the P2-scaled dipolar coupling constant. The sample was spun at 430, corresponding to a scaling factor of P2(cos 0) = +0.3. The scaled 13C CSAs range from -5 ppm (Cl) to +3 ppm (Ca,) for the headgroup and backbone segments. The full coupling strengths of C2 and Ca to 31p were found to be 155 ± 15 Hz. Since C3 is closer to the 31p spin than C2, a splitting was also expected at the C3 site.
However, the C3 powder pattern overlaps with those of C. and C, and could not be observed in the 1D spectrum. To resolve more 13C-31P dipolar couplings, a 2D SAS experiment that separates the 13C CSA patterns according to the isotropic shift of each site was done. Fig. 9 , c-e, displays the cross sections from the 2D SAS spectrum. They correspond to the C,a, C3, and C2 sites of lecithin. Ca and C2
exhibit clear dipolar splittings of 168 Hz and 144 Hz, respectively, and the C3 carbon has the largest dipolar coupling of 264 Hz.
In principle, the averaged 13C CSAs can serve as important structural constraints on the local conformation of the lipid. However, their use requires precise knowledge of the orientations of the CSA tensors in the molecular segments, which still await determination.
13C-1H dipolar couplings
The signs and magnitudes of weak C-H dipolar couplings were measured with the pulse sequence of Fig. 2 c. The 2D C-H PDLF spectra of DMPC in the headgroup and glycerol regions, obtained with P2 = ±0.2 in both time domains, is shown in Fig. 10 . The spectra show clear Cp3 and Cy signals. can be observed with sufficient sensitivity because of the long CP contact time, which was 2 ms for these spectra. (Bechinger and Seelig, 1991) . From the P2 dependence of the splittings in the two spectra, it can be concluded that the -y-methyl groups have a positive C-H order parameter, whereas the Ca-H bonds have a negative one. The present spectra show higher resolution in the dipolar dimension than our previous spectra , because the dipolar powder broadening is partially removed by "spreading out" the chemical shift frequencies of each site in the 13C dimension as a result of off-magic-angle spinning in that dimension. So far the C-H couplings of double-bond segments in the acyl chains have not been discussed. Seelig and WaespeSarcevic (1978) have measured the 2H quadrupolar splittings in the double bonds and examined their dependence on the cis and trans conformations. They obtained C-D bond order parameters of ±0.102 and ±0.019 for the C9 and C10 sites of the cis-9-oleic acid chain. From the PDLF spectrum of lecithin taken with the spinning angle of 630 (P2 = -0.2), we resolved three C-H couplings in the double-bond region (Fig. 11) . The two splittings at 130.2 ppm are assigned to the C9 and C13 segments (Husted et al., 1993) , where C13 is part of the second double bond in the 9,12-linoleic acid chains of lecithin, and the small splitting at 128.2 ppm corresponds to the C10 site. From two PDLF experiments conducted at different spinning angles, the averaged C-H couplings are found to be +2.1 kHz for the C9 site and +0.83 kHz for the C10 site, corresponding to bond order parameters of -0.09 and -0.036, respectively. The C-H coupling for the C10 site could not be obtained because of its low resolution in the P2 = +0.2 spectrum (not shown).
DISCUSSION
To summarize our findings of the various kinds of dipolar couplings in lecithin, Table 1 lists the H-H, C-H, C-P, and P-H dipolar couplings for the six headgroup and glycerol backbone sites that are of most interest to us. Two types of couplings, C-H and C-P, can be compared with existing data from the literature.
Several of the couplings measured strongly support the notion of an interchange of the geminal protons' C-H vector conformations found in phosphocholine crystals and used in a simple model with rotation around the molecular long axis exhibit comparable geminal and nongeminal couplings. Our data, in terms of the magnitude and resolution of the geminal 1H-1H couplings, strongly indicate that the C3 glycerol site participates in the C-H exchange process, while the degeneracy of its 2H couplings was originally explained in terms of a special C2-C3 bond orientation (Seelig et al., 1977) . According to that model, the H-H internuclear vector would be perpendicular to the rotation axis, so that the coupling would be scaled by a factor of -1/2, and by a molecular order parameter of 0.66 (Seelig et al., 1977) . The magnitude of the expected H-H coupling would then amount to more than 10.3 kHz, disagreeing significantly with the 6.6 kHz found experimentally in our study. Conversely, assuming a molecular order parameter of 0.66 and molecular rotation, the measured H-H coupling would correspond to an angle of 68°o r 440 between the rotation axis and the H-H vector, deviating significantly from 900. The magnitude of the H-H order parameter in C3 is calculated to be 0.2 ± 0.02. Although most P-C couplings are truly long range, the P-C, and P-C3 couplings are actually fixed by the P-O-C bond angles and bond lengths, which are known from the x-ray structure. From these data we calculate the magnitudes of the P-Ca and P-C3 order parameters to be 0.23 ± 2 and 0.38 ± 0.04, respectively. This makes the P-C3 order parameter the largest order parameter measured in phosphocholine to date. The large P-C3 and P-C2 couplings, as well as the negative signs of the glycerol C-H bond order parameters, are consistent with the notion that the glycerol backbone and its extension to the phosphate unit are roughly parallel to the bilayer normal.
It is interesting to note that C,|, which is one bond closer to the 31p spin than the C2 carbon of the glycerol backbone, has a C-P coupling magnitude comparable to that of the C2 carbon. This indicates that the orientation of the C,-P vector with respect to the bilayer normal is quite different from that of the C2-P vector, and that the C.-P vector has a significantly smaller (P2(cos 0)) than the C2-P vector. This is consistent with the bend of the phosphocholine headgroup from the glycerol backbone and the acyl chains (Seelig et al., 1977; Buldt et al., 1978) .
Our measurement of the signs of the C-H bond order parameters in the double-bond region of the spectrum prompts a reexamination of a previous calculation of segmental order tensors (Seelig and Waespe-Sarcevic, 1978) , which was based on two 2H quadrupolar couplings and one order parameter from infrared dichroism. By a sequence of arguments, it was concluded in that study that the signs of the couplings must be negative for the C9 and positive for the C10 site, in contrast to our results of C-H bond order parameters of -0.09 and -0.036, respectively. However, several problems are encountered upon closer examination of the mentioned calculations. It was implicitly assumed that the order tensor S in the segment-fixed coordinate system has vanishing off-diagonal elements where the corresponding elements of the NMR interaction tensor are zero. The basis for this assumption is not clear. It may have resulted from the belief that the order tensor possesses the symmetry of the segment, which is not warranted if that symmetry is not shared by the whole molecule. A second problem concerns the exclusion of several possible order tensors based on the questionable assertion that the asymmetry parameter of the segmental order tensor must be very small because of the uniaxiality of the averaged interaction tensors in the lipid. This notion can be disproved by calculating the segmental order tensors for any simple model involving internally flexible molecules. A good example is provided by the pseudo-mirror-image pair exchange model with fast molecular rotation, first proposed by Seelig et al. (1977) . With a calculation completely analogous to the two-site exchange problem in 2H NMR, it demonstrates that (b) . The order parameter is defined as the ratio of the motionally averaged NMR coupling to the rigid limit coupling. The rigid limit C-H coupling for directly bonded C-H with rCH = l.lA is 22.7 kHz.
tC-H order parameters were also obtained from 2H quadrupolar couplings measured by Gally et al. (1975) and Seelig et al. (1977) . The rigid limit 2H
coupling constant is 127.5 kHz. §These C-P dipolar couplings were estimated (Sanders, 1993) by extrapolating the C-P couplings obtained for DMPC macroscopically oriented in various detergent matrices. ND, not determined.
the asymmetry parameter of the segmental order tensor can have any value between 0 and 1. As for our measured C-H couplings in the double-bond region, since we do not yet have five motionally averaged segment-fixed couplings, a valid segmental order tensor analysis must be deferred until more couplings are available.
For the headgroup, the single deuterium and C-H dipolar splitting observed for the three CH3 groups in the N(CH3)3 moiety strongly suggests that a fast motion with at least C3 symmetry occurs around the CS-N bond. Taking the C,9-N-C,, and N-Ca-H bond angles of 1130 and 107°from the x-ray structure of crystalline phosphocholines, we can then deduce that the Ca-N bond order parameter has a value of +0.1 ± 0.02, with the positive sign being determined in our PDLF experiment.
Thus we know three segment-fixed order parameters for the Cp methylene group: the C-H and C-N bond order parameters of -0.04 and +0. The latter principal values are significantly larger than the order parameters measured, which is a reminder that it is not possible to argue, based on a few small order parameters, that the order tensor principal values must be small or that the segment is more mobile than others with larger couplings.
To complete the order tensor analysis, a few more segment-fixed order parameters must be determined. These may be obtained from intersegmental dipolar C-H couplings or from chemical shift anisotropies. To convert the latter into useful information, the rigid-limit chemical shift tensors must be determined. Work along these lines is in progress.
CONCLUSIONS AND OUTLOOK
We have shown that many structure-dependent NMR dipolar couplings can be measured in phospholipids by a variety of 2D NMR techniques. For the first time, we determined the magnitudes of H-H and P-H dipolar couplings as well as the signs of most C-H bond order parameters in lecithin. We have discussed how the short-range couplings can be elegantly summarized in terms of segmental order tensors, showing that five independent experimental couplings are required per segment in the most general case. Short-and long-range interactions combined put important constraints on the lipid headgroup structure, providing stringent tests for computer simulations or structural models of phosphocholine. Work is in progress to complete the order tensor analysis by including further C-H couplings and chemical shift anisotropies. The 2D NMR techniques presented here will be applied to other phospholipids such as sphingomyelin and phosphatidylethanolamine, where we expect to identify common structural features as well as possibly biologically relevant conformational differences.
